We have previously shown that cytomegalovirus (CMV) can reactivate in lungs of nonimmunosuppressed patients during critical illness. Our recent work has shown that polymicrobial bacterial sepsis can trigger reactivation of latent murine CMV (MCMV). We hypothesize that MCMV reactivation following bacterial sepsis may be caused by inflammatory mediators. To test this hypothesis, BALB/c mice latently infected with Smith strain MCMV received sublethal intraperitoneal doses of lipopolysaccharide (LPS), tumor necrosis factor alpha (TNF-␣), interleukin-1␤ (IL-1␤), or saline. Lung tissue homogenates were evaluated for viral reactivation 3 weeks after mediator injection. Because LPS is known to signal via Toll-like receptor 4 (TLR-4) in mice, further studies blocking this signaling mechanism were performed using monoclonal MTS510. Finally, mice were tested with intravenous TNF-␣ to determine whether this would cause reactivation. All mice receiving sublethal intraperitoneal doses of LPS, TNF-␣, or IL-1␤ had pulmonary reactivation of latent MCMV 3 weeks following injection, and LPS caused MCMV reactivation with kinetics similar to those for sepsis. When TLR-4 signaling was blocked, exogenous LPS did not reactivate latent MCMV. Intravenous TNF-␣ administration at near-lethal doses did not reactivate MCMV. Exogenous intraperitoneal LPS, TNF-␣, and IL-1␤ are all capable of reactivating CMV from latency in lungs of previously healthy mice. LPS reactivation of MCMV appears dependent on TLR-4 signaling. Interestingly, intravenous TNF-␣ did not trigger reactivation, suggesting possible mechanistic differences that are discussed. We conclude that inflammatory disease states besides sepsis may be capable of reactivating CMV from latency.
The pathobiology of cytomegalovirus (CMV) in the immunocompetent host is currently being defined. CMV is a ubiquitous herpes family virus that commonly infects humans, causing a mild self-limited primary infection in immunocompetent hosts. Like other betaherpesviruses, CMV then establishes latency in which infectious virus is undetectable in host tissues until some stimulus causes reactivation. Episodes of reactivation are known to be pathogenic in immunosuppressed populations, such as AIDS patients or transplant recipients (53, 56) , and recent studies with previously immunocompetent critically ill patients have also suggested pathogenicity (11, 12, 14, 15, 25, 26, 31, 44) . As our understanding evolves, it appears that CMV may become a potential pathogen for anyone with a latent infection, and not for just the immunosuppressed.
Because of its pathogenic implications, the mechanism by which CMV reactivation occurs has received considerable attention. There are numerous stimuli suggested or known to reactivate CMV from latency, including immunosuppression (6, 39, 42, 45) , allogeneic stimulation (23, 55) , catecholamines (49) , and bacterial infections (10, 18 ) (more thoroughly reviewed in reference 29). Both human and murine major immediate early (MIE) enhancer/promoter regions of CMV contain numerous nuclear factor kappa B (NF-B) consensus sequences (19, 30) . Activation of this enhancer/promoter region is thought to be the critical first step in reactivation from latency, and therefore a mechanism of NF-B-stimulated reactivation of latent CMV has been proposed.
This hypothesis suggests that any mediator or signal capable of activating NF-B might be capable of reactivating CMV from latency. In vitro work has supported this hypothesis, showing that NF-B is stimulatory to immediate early gene expression (5, 8, 16, 17) , which is thought to be the critical first step in reactivation from latency. Perhaps not surprisingly, inflammatory mediators such as tumor necrosis factor alpha (TNF-␣) and lipopolysaccharide (LPS), which are known to stimulate NF-B activation, are also stimulatory to the CMV MIE promoter in vitro (40, 48, 57) . There are also numerous in vivo data, for animals as well as for human patients, which support this proposed mechanism (18, 21, 30, 34, 41, 54) . Although the preponderance of evidence supports the hypothesis that inflammation is linked to CMV reactivation, to date this causality has not been demonstrated in an in vivo system.
Reactivation studies are problematic in human hosts because of obvious ethical limitations. Therefore, in vivo studies of CMV reactivation have required the development and use of animal models. Although Kondo et al. have described a model to study reactivation in vitro (36) , these experiments occur outside the context of the immune system, which is critical in the reactivation process. Fortunately, murine CMV (MCMV) infection has been well characterized and is similar to human CMV (9, 27) . In susceptible mouse strains, intraperitoneal inoculation of MCMV causes acute infection, with subsequent development of latency in host tissues (9, 10) . Like its human CMV counterpart, MCMV has been shown to develop latency in many organs, including lung tissue (4, 9, 37, 38) , and MCMV can be reactivated from latency in vivo by a variety of stimuli (6, 22) . This model affords a unique opportunity to study the reactivation of CMV, and its pathological consequences, in immunocompetent hosts.
Using this murine model, we have recently demonstrated that sepsis induced by cecal ligation and puncture (CLP) can trigger in vivo reactivation of latent MCMV in lungs of previously immunocompetent mice (10) . Sepsis is known to stimulate release of numerous inflammatory molecules, including LPS, TNF-␣, and interleukin-1␤ (IL-1␤) among others. All three of these mediators stimulate activation of NF-B (reviewed in reference 3), and in keeping with the NF-B reactivation hypothesis, any of the three could be considered as candidates to stimulate MCMV reactivation.
We therefore hypothesized that bacterial sepsis causes reactivation of latent CMV via elaboration of inflammatory mediators, such that introduction of these inflammatory mediators into the latently infected host would recapitulate the reactivation of MCMV demonstrated in our sepsis model. We report herein results of these experiments, which demonstrate that LPS can indeed reactivate latent MCMV in a manner similar to CLP and that LPS-induced reactivation occurs via Toll-like receptor 4 (TLR-4) signaling. Further, data are presented showing that the intraperitoneal inflammatory mediators TNF-␣ and IL-1␤ are capable of stimulating reactivation. Finally, we confirm previously published results demonstrating that intravenous TNF-␣ is incapable of reactivating latent MCMV.
MATERIALS AND METHODS

Animals.
Female BALB/c mice (Harlan, Indianapolis IN) of 6 to 8 weeks of age were used in this study. All animals were housed in a large animal facility and isolated from other mice, in adherence with the Guide for the Care and Use of Laboratory Animals prepared by the National Research Council (43) following protocol approval by our Institutional Review Board. Mice were euthanized by cervical dislocation under inhalation anesthesia. Mouse lungs and salivary gland were dissected aseptically, frozen immediately in liquid nitrogen, and then stored at Ϫ80°C.
Viral infection and development of latency. Purified Smith strain (VR-194/ 1981) murine CMV was obtained from ATCC (Rockville, MD). Primary CMV infection was achieved by intraperitoneal (i.p.) injection of 5 ϫ 10 4 PFU Smith strain MCMV. Following MCMV infection, mice were maintained for 16 weeks, at which point a cohort of animals underwent evaluation by reverse transcription PCR (RT-PCR), in vitro plaque assay (IVPA), and focused expansion assay (FEA) to confirm latency (see below).
Inflammatory mediator monoclonal antibodies. LPS from Escherichia coli 055:B5, recombinant murine TNF-␣, and recombinant murine IL-1␤ were obtained from Sigma. Monoclonal antibody (MAb) MTS510 was obtained from eBiosciences (San Diego, CA). For intraperitoneal studies, the following doses were used unless otherwise specified; for LPS, 15 g/kg of body weight i.p.; for recombinant TNF-␣, 2 g/0.2 ml/mouse i.p.; and for IL-1␤, 0.2 g/0.2 ml/mouse i.p. For MAb experiments, each animal received 100 g i.p. of either MTS510 or an isotypic rat immunoglobulin G (IgG) (14-9924 and 14-4321; eBiosciences).
PCR primers. The following primers were used for all CMV PCRs and RT-PCRs. Primers were designed using DNASTAR software (Madison, WI). ␤-Actin sequences are 5Ј ATT GTG ATG GAC TCC GGT GA and 3Ј AGC TCA TAG CTC TTC TCC AG. Sequences for murine CMV glycoprotein B (GB) genes were obtained from GenBank (NCBI). Primers were as follows: GB 5Ј TCA TCA ACT CGA CGA AGC TC and GB 3Ј ATC TCG TCC AGG CTG AAC AC (gives 298-bp product). CMV nested primers were as follows: GB 5Ј CTG GGC GAG AAC AAC GAG AT and GB 3Ј CGC AGC TCT CCC TTC GAG TA (gives 235-bp product).
PCR. DNA was extracted from tissues using a QIAamp tissue kit (QIAGEN GmbH, Hilden, Germany). DNA extracted from tissue homogenates was eluted in 100 l of distilled water and stored at Ϫ20°C until analysis. DNA was amplified in a total volume of 25 l with 200 nM of each primer and 1.0 U of Taq DNA polymerase (GIBCO BRL) added in 2.5 l of a PCR buffer (50 mM KCl, 20 mM Tris-HCl [pH 8.4] , and 1.5 mM MgCl 2 ). PCRs were carried out using a Perkin Elmer 9700 thermocycler (PE Applied Biosystems, Foster City, CA) by use of the following program: initial denaturation for 4 min at 94°C, 35 cycles of denaturation for 30 s at 94°C, annealing for 30 s at 53°C, and elongation for 30 s at 72°C, followed by a final elongation for 7 min at 72°C and then holding at 4°C. Primers used for transcription of GB and ␤-actin genes are listed above. ␤-Actin transcripts were used as a cellular transcript control. Amplification products were separated by electrophoresis in 1% agarose gels, and gels were stained with ethidium bromide.
RT-PCR and nested PCR. RNA was extracted from tissues using TRIzol reagent (GIBCO BRL, Carlsbad, CA), dissolved in 100 l diethyl pyrocarbonate water, and stored at Ϫ80°C. Reverse transcription (RT) reactions were carried out using 1 to 5 g RNA digested with 1 U DNase I (GIBCO BRL) at 37°C for 20 min. The RT reaction was performed in a total volume of 20 l containing 60 mM KCl, 15 mM Tris-HCl (pH 8.4), 3 mM MgCl 2 , 10 mM dithiothreitol, 20% (vol/vol) glycerol, 1 mM each deoxynucleoside triphosphate, 12.5 pM random primer (GIBCO BRL), and 2.5 U Super transcriptase (GIBCO BRL). Primer annealing was done for 10 min at 25°C and reverse transcription was carried out for 30 min at 42°C, followed by digestion with 1 U RNase H and then denaturation for 5 min at 95°C. To control for DNA contamination, every sample had a concomitant parallel experiment involving a no-RT reaction.
Following the RT reaction, 2 l of the resulting cDNA was amplified using the same conditions as outlined above for PCRs. If this first reaction yielded no visible product, a second (nested) PCR was performed using 1 l of this first PCR product. Using serial dilutions of a plasmid containing CMV GB, we have previously estimated the sensitivity of our nested reaction to detect between 3 and 30 copies/100 ng of RNA, which is 2 or 3 orders of magnitude more sensitive than our first-round reactions (unpublished data).
In vitro plaque assay. For in vitro plaque assays, mouse embryo fibroblasts (MEFs) were grown to confluence in six-well plates in Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL). Following centrifugation (1,000 ϫ g, 10 min) of 5 ml of homogenized tissue, 1 ml of supernatant was placed in each well. These plates were then centrifuged at 1,000 ϫ g and incubated at 37°C in 5% CO 2 for 3 to 4 h. Plates were washed three times with phosphate-buffered saline (PBS) and then covered with 3 ml of 1% agar in DMEM. Following 6 to 7 days of incubation (37°C in 5% CO 2 ), plates were fixed in 10% formalin, stained with 1% crystal violet, and analyzed for plaque formation by low-power phase-contrast microscopy.
Assay of infectivity in tissue by FEA in culture. FEA was performed using the techniques previously described by Kurz et al. (38) . Briefly, tissues were subjected to Dounce homogenization at 4°C, and homogenates were used in an appropriate dilution of DMEM for infection of MEFs. Monolayers of MEFs (5 ϫ 10 6 cells in a 75-cm 2 flask) were inoculated with 2 ml of freeze-thawed and homogenized tissue and centrifuged (1,000 ϫ g for 30 min at 20°C). After centrifugation, supernatants were discarded, and cells were washed twice with PBS. Viral replication was allowed to proceed for 72 h at 37°C in a 5%-CO 2 humidified atmosphere. After incubation, indicator MEFs were detached by trypsinization (PBS [pH 7.2] containing 0.05% wt/vol trypsin and 0.02% wt/vol EDTA), a process terminated by the addition of DMEM containing 10% (vol/ vol) fetal calf serum. Cells were sedimented at 500 ϫ g for 10 min, taken up in PBS, and dissolved in the extraction buffer of TRIzol reagent (GIBCO BRL). RNA was isolated, and analysis for viral RNA by RT-PCR was performed.
RESULTS
LPS causes pulmonary MCMV reactivation. Cecal ligation and puncture is known to introduce LPS into the peritoneal cavity via gram-negative organisms. Because a 50% lethal dose model of CLP has been shown in our previous work to cause pulmonary reactivation of latent MCMV in 100% of mice (10), we hypothesized that LPS might be the first step in a cascade of events that triggers MCMV reactivation from latency. To test this hypothesis, mice latently infected with MCMV received either a near-lethal dose of LPS (15 g/kg i.p.; n ϭ 2), a sequential dose of LPS (15 g/kg i.p. repeated after 1 week; n ϭ 2), or saline (controls; n ϭ 2). Three weeks after injection, pulmonary tissues from surviving mice were evaluated by RT-PCR and IVPA for MCMV reactivation.
All mice receiving saline or LPS survived, and all mice that received LPS (regardless of dosing regimen) reactivated MCMV, demonstrated by MCMV GB mRNA transcription (Fig. 1 ). Molecular reactivation was confirmed for all mice with IVPA analysis (180 mean Ϯ 58 standard error of the mean [SEM] PFU). Control animals latently infected with MCMV and receiving saline injection alone showed no evidence of reactivation (0/2) by RT-PCR (Fig. 1) or by IVPA or FEA (data not shown). We therefore conclude that a nonlethal dose of LPS will reactivate latent MCMV and further that intraperitoneal LPS may be the first critical step in the pulmonary reactivation of latent MCMV after intra-abdominal sepsis.
Kinetics of LPS-induced pulmonary MCMV reactivation. The kinetics of reactivation of MCMV from latency have been previously defined for a 50% lethal dose model of CLP, with molecular reactivation becoming detectable between 1 and 2 weeks after CLP and becoming maximal at 3 weeks after CLP (10) . To test the hypothesis that LPS-induced MCMV reactivation occurs with kinetics similar to those seen after CLP, mice latently infected with MCMV received a sublethal dose of LPS (15 g/kg i.p.). In previous experiments, we have been unable to demonstrate CMV GB gene expression before 7 days after reactivation stimulus (unpublished data). Therefore, cohorts of five mice were sacrificed at 1, 2, or 3 weeks after LPS injection, and pulmonary tissues were evaluated by RT-PCR and IVPA or FEA for MCMV reactivation.
All animals receiving LPS reactivated MCMV in lung tissue (Fig. 2) . The kinetics of reactivation following LPS administration were similar to those seen after CLP (10), with MCMV reactivation becoming detectable by nested RT-PCR at week 1 after LPS (five of five animals), persisting to be detectable with nested RT-PCR at week 2 (five of five), and finally becoming more easily detectable with first round RT-PCR by week 3 (five of five). Lung tissue molecular reactivation was confirmed for five of five week 3 animals with IVPA (198 mean Ϯ 27 SEM PFU). Sham surgery has been previously shown to be insufficient to stimulate reactivation (10), and therefore it was not surprising that control animals latently infected with MCMV that received saline injection alone showed no evidence of reactivation (0/5) by RT-PCR (Fig. 2) or by IVPA or FEA (data not shown). GB gene expression is not detectable in our sepsis model before day 7, and this was confirmed after LPS stimulation at 3 days postinjection, with 0/4 mice showing detectable GB gene expression at this early time point (data not shown). We therefore conclude that the kinetics of reactivation after intraperitoneal LPS injection are similar to those seen following CLP. (1, 28, 47, 52 ). We therefore hypothesized that LPS-triggered reactivation of latent MCMV might result from signaling through this TLR-4 receptor pathway. To test this hypothesis, mice latently infected with MCMV (n ϭ 3) received MAb MTS510, which blocks TLR-4/MD-2 complexes (1), or an isotypic rat IgG (n ϭ 2). Two hours after injection with MAbs, mice received a sublethal dose of LPS (15 g/kg i.p.), and 3 weeks after this LPS challenge, pulmonary tissues were evaluated by RT-PCR and IVPA or FEA for MCMV reactivation.
All mice survived, and none of the mice that received MTS510 MAb (0/3) showed evidence of CMV reactivation following LPS administration either by RT-PCR (Fig. 3) or by IVPA or FEA (data not shown). In contrast, mice receiving LPS after isotypic IgG showed transcriptional reactivation (two of two) of latent MCMV, similar to LPS-treated animals (Fig.  3) . We therefore conclude that LPS-induced reactivation of latent MCMV is likely a consequence of TLR-4 signaling.
Exogenous TNF-␣ or IL-1␤ reactivates latent MCMV. In addition to the release of LPS, CLP-induced polymicrobial sepsis causes local, systemic, and distant end organ production of numerous inflammatory mediators (2, 20, 24, 50, 51) . To test the hypothesis that LPS/TLR-4 signaling is dispensable to sepsis-induced MCMV reactivation, mice latently infected with MCMV received a sublethal intraperitoneal dose of recombinant TNF-␣ (2 g; n ϭ 5), IL-1␤ (0.2 g; n ϭ 5), or saline (n ϭ 5). Three weeks after TNF-␣, IL-1␤, or saline challenge, pulmonary tissues were evaluated by RT-PCR and IVPA for MCMV reactivation. These experiments were performed in duplicate to give 10 mice in each group.
Intraperitoneal inoculation of TNF-␣ caused pulmonary reactivation of MCMV in 10/10 mice. MCMV GB mRNA transcription was detected in all animals, with representative results (n ϭ 5) shown (Fig. 4) . These animals also had recovery of live virus in five of five tested by IVPA (170 mean Ϯ 34 SEM PFU). Similarly, intraperitoneal IL-1␤ inoculation caused pulmonary reactivation in 10/10 mice. MCMV GB mRNA transcription was detected in all 10 animals (representative results for 5 animals are shown) (Fig. 4) , and these animals also showed recovery of live virus in 5/5 tested by IVPA (156 mean Ϯ 29 SEM PFU). Consistent with our previous experiments, saline-challenged mice showed no evidence of reactivation by either MCMV mRNA transcription, IVPA, or FEA (data not shown). We therefore conclude that intraperitoneal inflammatory mediators, specifically TNF-␣ and IL-1␤, are capable of causing reactivation of MCMV from latency. These results also support the hypothesis that LPS/TLR-4 signaling is indeed dispensable in polymicrobial sepsis-induced MCMV reactivation.
Intravenous TNF-␣ does not reactivate latent MCMV. Recent studies have suggested that TNF-␣ administered intrave- FIG. 3 . LPS reactivates MCMV via a TLR-4-mediated mechanism. Mice latently infected with MCMV received MTS510, a monoclonal antibody that blocks TLR-4 signaling (n ϭ 3), or an isotypic rat IgG (n ϭ 2) prior to receiving a sublethal dose of LPS (15 g/kg/0.2 ml i.p.). Lung homogenates for each mouse were analyzed 3 weeks after LPS injections for reactivation of MCMV. RT-PCR shows that MTS510 prevents reactivation of viral transcription, while isotypic IgG did not prevent reactivation. Each lane represents results from one mouse. Positive (Pos) and negative (Neg) controls refer to technique controls. No-RT reactions were also performed in parallel for MCMV GB and ␤-actin and were all negative (not shown). nously at near-lethal doses is insufficient to reactivate MCMV from latency (30, 54) , which is in conflict with our new findings. Because significant differences exist between previously published models and ours, it seemed prudent to determine whether TNF-␣ administered intravenously could trigger reactivation of latent MCMV in our model system. Mice latently infected with MCMV therefore received a near-lethal intravenous dose of recombinant TNF-␣ (1 g; n ϭ 10). Pulmonary tissues from surviving mice were evaluated by RT-PCR and IVPA for MCMV reactivation 1, 7, or 21 days after TNF-␣ challenge.
Intravenous administration of TNF-␣ did not cause pulmonary reactivation of MCMV in surviving mice at any time point. MCMV GB mRNA transcription was not detectable in lungs (Fig. 5 ) or salivary glands (not shown) of any animals, nor was live virus recovered by either IVPA or FEA (data not shown). We therefore conclude that there is a mechanistic difference between stimulation by intraperitoneal TNF-␣ and that by intravenous TNF-␣, wherein intraperitoneal TNF-␣ causes MCMV reactivation and intravenous TNF-␣ does not.
DISCUSSION
Results of this study demonstrate that intraperitoneal inflammatory mediators can stimulate reactivation of latent MCMV in the lungs of previously immunocompetent mice. As a continuation of our previous work, which has demonstrated that polymicrobial sepsis induced by cecal ligation and puncture can trigger pulmonary reactivation of latent MCMV (10), we sought to determine whether individual mediators released during polymicrobial sepsis were capable of triggering MCMV reactivation. Indeed, one of the main effectors of gram-negative sepsis, LPS, is capable of triggering reactivation of latent MCMV. This reactivation occurs in a manner similar to that seen after CLP and apparently occurs via a TLR-4-mediated mechanism. Other by-products of CLP-induced polymicrobial sepsis, including intraperitoneal TNF-␣ and IL-1␤, also appear capable of reactivating MCMV. This effect may be limited to intraperitoneal mediators, as intravenous TNF-␣ administration appears insufficient to trigger pulmonary MCMV reactivation.
We began our dissection of the polymicrobial sepsis-induced CMV reactivation pathway by focusing on the proinflammatory molecule LPS. LPS has been shown previously to be stimulatory to the CMV MIE promoter in vivo (41) . LPS is known to stimulate peritoneal macrophages via TLR-4, activating numerous signaling pathways, including NF-B, and causing elaboration of TNF-␣ and IL-1␤ (1, 33, 60) . Because the MCMV major immediate early promoter is rich in NF-B binding sequences (19, 30) and NF-B activation has been correlated with CMV immediate early 1 (IE1) gene transcription in vivo (30) , it was expected that activation of TLR-4 by LPS might reactivate MCMV, which was indeed the case ( Fig. 1 and 2) . Conversely, blocking TLR-4 signaling with MAb specific to TLR-4 receptors should prevent reactivation, which was also demonstrated (Fig. 3) . We can therefore conclude that intraperitoneal LPS causes MCMV reactivation, and we suggest that this occurs by a TLR-4-mediated pathway.
Polymicrobial sepsis triggers other innate immune responses besides TLR-4 signaling, and we felt that TLR-4 signaling might be one of several signaling pathways capable of triggering MCMV reactivation. The MCMV major immediate early promoter not only is rich in NF-B consensus sequences but also contains putative transcription factor binding sites for AP-1, SP1, and CREB/ATF (30) . Both TNF-␣ and IL-1␤ stimulate NF-B activation (reviewed in reference 35), as well as the activation of AP-1 and other molecules, and we therefore felt that either of these mediators alone might be capable of triggering MCMV reactivation just as LPS does. Indeed, intraperitoneal inoculation of either of these mediators caused reactivation of latent MCMV (Fig. 4) . We thus conclude that the inflammatory mediators TNF-␣ and IL-1␤ are capable of reactivating MCMV from latency. Furthermore, while TLR-4 stimulation with LPS can reactivate MCMV, it is not absolutely necessary for MCMV reactivation.
Although intraperitoneal TNF-␣ was sufficient to reactivate MCMV, there was an interesting discrepancy in the ability of intravenous TNF-␣ administration to trigger reactivation of MCMV. Previous investigations have shown that TNF-␣ is stimulatory to the major immediate early promoter (48, 57) and that immediate early gene transcription occurs following intravenous TNF-␣ administration (30, 54) . Despite these data, previous investigations have been unable to trigger full reactivation from latency by utilizing intravenous TNF-␣ as a trigger (30, 54) . These previous investigations utilized slightly different models of latency/reactivation and focused primarily on early time points (1 to 14 days) following TNF-␣ adminis- tration. We were concerned that reactivation was perhaps occurring later and felt it important to repeat these experiments using our model. Despite slight differences in the latency models and a longer wait to detect reactivation (21 days), we were unable to demonstrate MCMV reactivation, either in lungs (Fig. 5 ) or in salivary glands (not shown), after intravenous TNF-␣ administration. As surprising as this discrepancy is to us, our findings concur with previously published data, which, taken collectively, indicate that a single intravenous bolus of TNF-␣ is not a sufficient stimulus to reactivate latent MCMV. There are several possible explanations for the discrepancy seen between intraperitoneal and intravenous TNF-␣ administration in causing pulmonary MCMV. There are significant differences in the physiology elicited by intravenous versus intraperitoneal administration of inflammatory mediators. One example is intravenous administration of LPS, which causes significantly elevated circulating serum levels of TNF-␣ that return to baseline within 4 h after administration (59) . In contrast, intraperitoneal LPS causes much lower levels of circulating serum TNF-␣, but these low levels persist for at least 24 h (59). Intravenous TNF-␣ causes an abrupt change in physiology, but the half-life of TNF-␣ in the bloodstream is very short. While this quick burst of TNF-␣ is adequate to stimulate the CMV IE promoter (30, 54) , it would appear that this brief stimulus is insufficient to cause full blown reactivation. Intraperitoneal LPS, TNF-␣, or IL-1␤, therefore, may cause more of a smoldering persistent low-level systemic inflammatory process or induction of secondary mediators, which may be necessary for pulmonary reactivation. This difference in physiology might explain the apparent discrepancy between intravenous TNF-␣ and intraperitoneal TNF-␣ as a stimulus for MCMV reactivation. It is possible, then, that peritoneal inflammation acts to elicit additional intrinsic or extrinsic signals required for the progression of the reactivation program to the production of progeny virus in the lungs, as suggested by both the two-step model proposed by Hummel et al. (30) and the multistep model proposed by others (39, 54) .
An alternative hypothesis that we find equally appealing is that the reactivation of latent MCMV seen after intraperitoneal inflammatory mediator administration is mediated by intraperitoneal macrophages. Peritoneal macrophages are known to harbor latent MCMV (46) . Peritoneal macrophages are stimulated by polymicrobial sepsis, LPS, TNF-␣, or IL-1␤ and in response activate NF-B (7, 28, 32, 58) . Given that NF-B is stimulatory to the MIE promoter, stimulation of latently infected peritoneal macrophages could reactivate MCMV. If in fact MCMV reactivation is occurring locally in the peritoneal macrophage, then this local reactivation could then spread viremically, in a manner similar to that seen following primary infection. Active MCMV demonstrated in distant organs (i.e., lungs) might thus be a consequence of the redistribution of reactivated virus. This is a significant departure from current thinking and is not considered in other proposed models of MCMV reactivation. Nevertheless, the hypothesis that restricted local reactivation occurs (in this case peritoneal) and is followed by virus spread is consistent with all of the data presented herein, and studies to validate it further are ongoing.
Given the findings of these studies, we propose the possible mechanism for MCMV reactivation illustrated in Fig. 6 . LPS is a component of polymicrobial sepsis and appears capable of reactivating latent MCMV by signaling through the TLR-4 receptor. The kinetics of this LPS reactivation are similar to those seen after induction of polymicrobial sepsis, and we therefore suspect that LPS plays a major role in polymicrobial sepsis-induced MCMV reactivation. Despite the central role of LPS, other mediators can also reactivate MCMV from latency in the lungs, and we therefore propose that LPS is sufficient but dispensable in polymicrobial sepsis-induced MCMV reactivation. Because all of the factors tested, LPS, TNF-␣, and IL-1␤, are known to stimulate NF-B activation, we also suspect that NF-B activation plays a critical role in MCMV reactivation, and this is also the subject of ongoing studies.
There remain several unresolved issues that warrant future investigation. First, early molecular events preceding GB expression were not studied. We have never seen GB gene expression without preceding IE1 or DNA polymerase expression, which we have studied extensively in our sepsis model (reference 10 and unpublished observations). Reddehase and coworkers have shown very elegantly that there is a checkpoint between IE1/IE3 and later gene expression (39, 54) . Because our inflammatory mediator experiments seemed to overcome this checkpoint, allowing full reactivation, we chose not to evaluate these early events in our studies. Why and how this checkpoint is overridden following intraperitoneal and not intravenous inflammatory mediator administration is an interesting question that will require more extensive examination. Second, results of this study seem to be "all or none," and we suspect that this is a consequence of using near-lethal doses of LPS, TNF-␣, or IL-1␤ in order to maximize chances for reactivation. The minimum levels of these inflammatory mediators required to cause reactivation, as well as the relative potencies of the mediators used in these studies, have not yet been defined. Finally, the characteristics of later events following reactivation, such as the duration of the reactivation episodes as well as the effects of repeated reactivations on the host, have yet to be studied.
Despite these unresolved questions, the clinical implications of these findings are significant, suggesting that any patient latently infected with CMV is at risk for reactivation. Clinical immunosuppression is clearly not required for CMV reactivation, which broadens the definition of who is at risk for reactivation. We have already established that CMV reactivation can be triggered by bacterial infection (10), which occurs commonly in critically ill patients. In addition, these new results suggest that patients with any inflammatory disease state, and more specifically, those that involve overexpression of TNF-␣ or IL-1␤, might be at risk for CMV reactivation. At first blush, this might not seem important in the case of the immunocompetent host, where CMV reactivation has not been previously considered to be pathogenic. Recently published work from our group, however, has shown that CMV reactivation is injurious in this setting (13) , and this pathology might explain the increased morbidity seen in critically ill patients who suffer CMV reactivation.
In conclusion, results of these experiments serve to further elucidate the mechanism by which polymicrobial sepsis stimulates reactivation of CMV from latency. The preponderance of published evidence supports a linkage between inflammation and reactivation of latent CMV, and we therefore felt that it was logical to hypothesize that MCMV reactivation could be triggered by inflammatory mediators in vivo. It is clear from these data that inflammatory mediators are capable of stimulating reactivation, and this has significant implications in the clinical setting. The differences in the intraperitoneal reactivation versus intravenous reactivation by TNF-␣ are intriguing and will require study and likely further modification of our currently proposed paradigms of CMV reactivation.
